The purpose of this study was to examine the Xow velocity pattern of the brachial artery and to determine its relationship to measures of physical function. Subjects from the Louisiana Healthy Aging Study (n = 95; age = 84 § 10 years) were evaluated. Brachial artery Xow velocities and dimensions were measured using high-resolution ultrasonography. The continuous scale of physical function and performance test (CS-PFP10) was used to assess physical function. This test is based on the performance of 11 activities of daily living. Total CS-PFP10 score was 39.51 § 21.21 U. Mean antegrade and retrograde velocities at rest were 14.2 § 4.7 and 3.6 § 2.2 cm/s, respectively. Ante-/retrograde ratio was 5.5 § 4.6. Brachial artery diameter was 4.3 § 0.7 mm. Pulse pressure and vascular conductance were 66 § 18 mmHg, and 0.9 § 0.5 ml/ min/mmHg, respectively. Vascular conductance (r = ¡0.34), ante-/retrograde ratio (r = ¡0.42) and CS-PFP10 (r = ¡0.65) were inversely and retrograde velocity (r = 0.40) and pulse pressure (r = 0.36), were directly associated with age.
Introduction
Aging is associated with alterations in structural and functional properties of large arteries (Lakatta and Levy 2003a, b; Lakatta 2003; Miyachi et al. 2005; Yashin et al. 2006; Yin 1980) , including an increase in intima-media thickness (Vaitkevicius et al. 1993 ) and arterial stiVness (Proctor et al. 1998 ) and altered vascular tone (Lakatta and Levy 2003a, b; Lakatta 2003) . The consequences of these changes may include alterations in Xow velocity patterns. Eventually, such changes may contribute to alterations in blood Xow distribution, reduced tissue perfusion (Proctor et al. 1998) , and attenuate physical function .
The Xow velocity pattern is of importance, considering hemodynamic forces on endothelial cell expression. In vivo shear stress appears to be a signal for the expression of antiatherogenic, but oscillatory Xow patterns produces proatherogenic gene expression (Laughlin et al. 2008) . Green et al. (2002) noted that with increasing intensities of exercise, the retrograde component of the brachial artery Xow velocity integral increased. Green et al. (2002) speculated this increase to be the result of an increase in down-stream pressure, attributed to an increase in sympathetic vasoconstriction of inactive vascular beds (Rowell 1993) . It is presently unclear to what extent age-related alterations of the vasculature inXuences arterial Xow velocity patterns.
The purpose of this study was to examine brachial artery antegrade and retrograde Xow velocities in the elderly, and to determine their relationship to physical function. It was hypothesized that the antegrade and retrograde Xow velocity would decrease and increase with age, respectively. Moreover, it was hypothesized these velocity patterns would be related to physical function.
Methods
Participants in this study represent a subset from the Louisiana Healthy Aging Study. Sampling was performed via random selection based on voter registration lists and the medicare beneWciary enrollment data Wle from the Center of Medicare and Medicaid Services. Methods of recruitment included mail, follow-up phone calls, and in the case of the nonagenarians, a home visit to explain the study in detail. Exclusion criteria for the Louisiana Healthy Aging Study included individuals scoring below 25 on the minimental status exam (Folstein et al. 1975 ) and individuals in American Heart Association Class D (i.e., symptoms of cardiovascular and/or metabolic disease at rest). In addition, individuals with signiWcant dysrhythmias were excluded for the purpose of these analyses. Each participant signed an informed consent approved by the institutional review boards of the host institutions.
Brachial artery imaging and analysis
All brachial artery imaging were performed using a Toshiba Powervision SSA-380A, in accordance with guidelines (Corretti et al. 2002) . Prior to imaging, subjects were instructed to fast and refrain from exercise for 12 h, and alcohol for 48 h. Subjects were asked to rest in a supine position for 20 min before imaging. All images were obtained in longitudinal view, approximately 4 cm proximal to the olecranon process, in the anterior/medial plane. Flow velocity measurements were obtained using a pulsed Doppler signal at an angle of 60° to the vessel. All data were analyzed using the Brachial Imager software (Medical Imaging Applications, LLC). Arterial diameters were calculated as the mean distance between the anterior and posterior wall of the blood vessel interface, with the image in diastole, deWned as the peak of the r-wave from the electrocardiograph and systole deWned as peak of the antegrade velocity signal. Brachial diameter was deWned by the average of 30 s of recorded data.
Flow velocity signals, blood Xow and vascular conductance
Flow velocity signals were calculated in a similar manner to Dobrosielski et al. (2008) . Each Xow velocity signal was manually traced using Image Pro Plus 4.0 software. The antegrade signal was deWned as the area of tracing above 0 cm/s and the retrograde signal was deWned as the area below (Fig. 1) . The antegrade and retrograde ratio (ante-/ retrograde ratio) was the quotient of the velocity values. The Xow velocity signals were then divided by the ejection time (s) from that cardiac cycle to subsequently determine the mean velocity (cm/s). The mean Xow velocity integral (FVI) was calculated as the diVerence between the antegrade and retrograde Xow velocity signals. Mean blood Xow (ml/min) was estimated from the equation: blood Xow = (mean FVI £ heart rate) £ r² (r = blood vessel radius). Finally, vascular conductance was calculated as mean blood Xow/mean arterial pressure (Wray et al. 2006 ).
Physical function test
The CS-PFP10 test was used to assess functional ability (Cress et al. 1996) . This scale is based on the performance of 11 activities of daily living. Participant instructions and protocols were standardized. Five separate physical domain scores are averaged to yield a total score of between 0 and 100. The physical domains assessed include, upper-body strength, lower-body strength, upper-body Xexibility, balance and coordination, and endurance.
Statistical analysis
Statistical analyses were performed using SPSS for Windows (version 16.0). Data are presented as mean § standard deviation. To examine the inXuence of age on brachial artery dimensions, Xow velocity integrals, and physical function scores, a Pearson product moment correlation was used. To compare the Xow velocities, vascular conductance and physical function, for speciWc functional categories (CS-PFP10 total score <25; 25 to <57; and >57 U), a multivariate analysis of variance (MANOVA) was used. In order to control for the age related association between variables, a second MANOVA, for the nonagenarians (individualş 90 years), was used to compare Xow velocities, vascular conductance and physical function, among functional tertiles. DiVerences between categories were evaluated using post hoc comparisons. An alpha level of (P < 0.05) was required for statistical signiWcance.
Results
The characteristics for 95 individuals (84 § 10 years) are presented in Table 1 . Of the participants, 35% were between 60 and 80 years, 8% ranged 81-89 years and 57% made up the nonagenarian group. Among the participants, 75% had some form of diagnosed cardiovascular disease (e.g. hypertension 64%, congestive heart failure 14%, and peripheral vascular disease 1%). Other pathologies included arthritis 66%, diabetes 14%, and cancer 11%. The average number of prescribed medications was 5 (range 0-17) ( Table 2) . Mean antegrade and retrograde velocities were 14.2 § 4.7 and 3.6 § 2.2 cm/s, respectively. The ante/retrograde ratio was 5.54 § 4.57. Mean blood Xow and vascular conductance were 88.6 § 45.4 ml/min and 0.9 § 0.5 ml/ min/mmHg. The average total CS-PFP10 score was 39.5 § 21.2, ranging 3.6-81.4 U.
Age, blood pressure, Xow velocities and blood Xow, brachial artery
Diameter and physical function
Age was inversely related to blood Xow (r = ¡0.31), vascular conductance (r = ¡0.34), ante-/retrograde ratio (r = ¡0.42) and CS-PFP10 (r = ¡0.65), and directly related to pulse pressure (r = 0.36), and retrograde Xow (r = 0.40) ( Table 3) . The regression equation for retrograde velocity and age [retrograde velocity = ¡3.49 + 0.08 (age); P = 0.0001] shows an approximate 60% increase per decade after age 60. Antegrade Xow was associated with vascular conductance (r = 0.51), whereas, retrograde Xow was inversely related to vascular conductance (r = ¡0.27), and the CS-PFP10 scores (r = ¡0.45). The ante-/retrograde ratio was related to CS-PFP10 scores (r = 0.35). The associations between retrograde velocity and age, and retrograde velocity and the CS-PFP10 scores are presented in Figs. 2a, b.
Blood Xow velocity and physical function categories
The results of the MANOVA, comparing Xow velocities among CS-PFP10 functional categories, revealed a main eVect (P = 0.0001). The analysis revealed no diVerence for antegrade velocity (P = 0.51). However, individuals in the highest functional class had lower retrograde Xow velocities (P = 0.02), then those in the middle functional class, whom had signiWcantly lower retrograde velocities compared to those in the lowest functional classes (P = 0.03). In addition, individuals in the highest functional class had signiWcantly higher resting blood Xows and vascular conductance, and lower pulse pressures than those in the lower functional classes. However, when age was entered into the model as a covariate, the main eVect for retrograde velocity increased (P = 0.12), indicating a signiWcant age contribution.
Blood Xow velocity and physical function categories in nonagenarians
The results of the second MANOVA, comparing Xow velocities and CS-PFP10 functional tertiles, in the nonagenarians, also revealed a main eVect (P = 0.04). As indicated in Fig. 3 , those individuals in the higher functional tertiles had a signiWcantly lower retrograde velocity compared to those in the lower functional tertiles (P = 0.01). Interestingly, there was also a signiWcant diVerence in antegrade velocity between those in the higher functional tertiles compared to those in lower. Importantly, there were no signiWcant diVerences between pulse pressure, medications Fig. 2 a, b The relation between retrograde velocity (cm/s) and age (years); and retrograde velocity (cm/s) and physical function and incidence of diseases among the functional tertiles for the nonagenarians.
Discussion
The aim of this study was to examine Xow velocity patterns of the brachial artery, at rest, in a subset of participants from the Louisiana Health Aging Study. With advancing age, there was a decrease in the average blood Xow velocity with a subsequent reduction in basal blood Xow. With advancing age, antegrade velocity did not change, while retrograde velocity increased. Furthermore, individuals with greater physical function scores exhibited a lower retrograde velocity, although this was in part inXuenced by age. Importantly, among nonagenarians, those in the lower tertiles of physical function had higher retrograde velocity, compared to those in the higher tertiles. These data indicate an age-dependent change in Xow velocity patterns, which may, in part, contribute to lower physical functionality.
Age, blood pressure, Xow velocities, brachial artery diameter and physical function
The present study conWrms an age-dependent increase in pulse pressure [PP = 11.68 + 0.65 (age); P = 0.0001). The age-trajectory in the present study is similar to reports from the Framingham Heart Study (Yashin et al. 2006) . The increase in pulse pressure with aging is believed to be the consequence of a decrease in large artery compliance (Van Bortel and Spek 1998). The age-dependent decline in brachial blood Xow and velocity has been reported (Seals et al. 2008) . The age associated reductions in blood Xow are mediated by corresponding decreases in vascular conductance (Dinenno et al. 1999 (Dinenno et al. , 2001 Miyachi et al. 2005) , and are closely related to decreases in estimated leg oxygen consumption. The antegrade velocity did not change, while retrograde velocity increased, with age. This Wnding suggests those factors that deWne the retrograde signal change perhaps to a greater extent than those factors associated with the antegrade velocity (Ogawa et al. 1992) . Evidence for this stems from a study which reported an increase in local peripheral pressure using strategically placed pressure cuVs resulted in an augmentation in the retrograde, but not the antegrade velocity proWle in young individuals (Baccelli et al. 1985) . The age-dependent increase in pulse pressure, in the current study suggests an imbalance between arterial Xow and arterial impedance (Izzo and Mitchell 2007) , and a decrease in vascular conductance. The association between the retrograde Xow velocity and vascular conductance (r = ¡0.27) is in line with Baccelli et al. (1985) . The current study did not Wnd an association between age and brachial diameter at rest, which has been reported (Koch et al. 2003) . The average diameter tended to be bigger in participants who were taller (r = 0.46), larger (r = 0.43), or males (r = 0.63). This study also observed that average brachial arteries were bigger than studies reporting values for individuals under the age of 65 years (Allen et al. 2000; Koch et al. 2003) . The lack of an age-dependent enlargement of the brachial artery in the present study suggest that any such changes may have occurred before age 60.
The present study shows a similar decline in physical function scores as reported from another cohort from the Louisiana Healthy Aging Study . The regression of CS-PFP10 scores against age in the present study ; P = 0.0001] suggests an approximate 1.3% per year decrease in function among adults over 60 years of age.
Blood Xow velocity and physical function
There was an apparent relation between retrograde velocity and physical function scores. The evidence for this relationship stems from two analyses, which indicate that individuals in the highest category of physical function exhibited a lower retrograde velocity. In the Wrst analyses, participants were classiWed as low, moderate and highly functional according to the CSPFP-10 scores. The rationale for this classiWcation is based on the probability of independence graph developed by Cress et al. (1996) . In that study, individuals who scored above the threshold score of 57 were classiWed as independent, those who scored below 26 rated themselves as limited in physical function, leaving the middle group as a possible "at risk" population (Cress et al. 1996) . The fact this association was, in part, driven by age, Fig. 3 Antegrade and retrograde velocities (cm/s) per CS-PFP10 score tertiles for nonagenarians. *P < 0.05 versus lowest tertile required a second analysis, on the nonagenarians only. Among this group, there was no signiWcant diVerence between the number or type of medications, or the incidence of disease compared to the entire study population. The second analysis performed on this group revealed those with the highest functional scores had a lower retrograde velocity.
Explanation for the apparent associations may reXect age-dependent alterations in peripheral impedance (Rowell 1993) . The mechanisms by which peripheral impedance increases with age are summarized in Fig. 4 , and include a change in autonomic balance toward an increased hyper-adrenergic state, other hormonal inXuences, or a decrease in the production or eVects of nitricoxide (NO) (Lakatta 2003) . This increase in peripheral impedance appears to attenuate vascular conductance (Dinenno et al. 2005 ) and increase peripheral resistance, which may limit exercise tolerance (Dinenno et al. 2005) . The fact that, the nonagenarians, in the highest tertile of physical function, exhibited lower retrograde velocities may indicate a diVerent age-trajectory in peripheral impedance (Green et al. 2002) .
Finally, future work is needed to determine the extent of the change of the retrograde Xow velocity component on the actual changes in hemodynamic forces on the arterial wall. It could be hypothesized that the above-stated changes in retrograde velocity with advancing age could contribute to greater oscillatory Xow. To that extent, it is perhaps interesting to consider the ante-/retrograde ratio, in the present study. This ratio decreased with age, and was also directly related to CS-PFP10 scores (r = 0.35). This may point toward a change in the beat-to-beat hemodynamic forces on the arterial wall. If hemodynamic forces are thought to have both beneWcial and negative eVects on endothelial cell expression (Laughlin et al. 2008) , it could be argued that individuals with higher oscillatory Xow patterns produce pro-atherogenic factors, such as reactive oxygen species (De Keulenaer et al. 1998) .
Conclusion
The present study indicates a decrease in average blood Xow velocity and a subsequent reduction in basal blood Xow, with advancing age. With advancing age, retrograde velocity increased signiWcantly, while antegrade velocity did not. Furthermore, individuals with greater physical function scores exhibited a lower retrograde velocity, although this was in part inXuenced by age. Among nonagenarians, those in the lower tertiles of physical function had signiWcantly higher retrograde velocity, compared to those in the higher tertiles. These data indicate an agedependent change in Xow velocity patterns, which may, in part, be a consequence of arterial senescence, and contribute to a decline in physical function. 
